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Abstract
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Photovoltaics based on kesterite Cu,ZnSnS, (CZTS) has attracted interest as a sustainable
alternative to other thin film technologies due to their tunable material properties and earth-
abundance. However, the efficiency is limited to 12.6 % for selenium-containing CZTS, with a
large voltage-deficit due to tail states, deep defects, secondary phases etc.

In this thesis, Ge incorporation in kesterite solar cells was utilized to reduce Sn-related
deep defects and tune the band gap. CZTS, Cu,ZnGeS, (CZGS), and mixed Cu,ZnGe,Sn,.,S,
(CZGTS) films, and solar cells were investigated. CZGS showed wurtzite-like phases when
sputter-deposited in a sulfur-rich atmosphere using GeS target. The mixture of phases could not
recrystallize to kesterite phase after annealing, so, metallic Ge target was utilized for CZGTS
absorber fabrication. From varying the Ge content in CZGTS, it could be concluded that CZTS
grain growth increased at a low concentration of Ge.

Sulfurization of CZTS layers deposited on top of CZGS was done to achieve band gap
grading. Glow Discharge Optical Emission Spectroscopy showed smooth grading while
Scanning Tunneling Microscopy/Energy Dispersive Spectroscopy showed a separation between
larger Sn-rich grains at the front and smaller Ge-rich grains at the back. For longer annealing
times, recrystallization of the complete film was seen together with a smeared-out grading.

Germanium-rich absorbers often delaminated during the etching of the annealed samples.
Adhesive TiN interlayer was used on the Mo-coated Soda-Lime Glass substrate to avoid
delamination with partial success. Ge-containing samples showed oxygen-rich grain boundaries
and voids. Oxide removal during etching has a possible connection to the issues with adhesion.

Solar cell performance was not improved for graded absorbers compared to CZTS. An
increasing cliff-like band alignment with the buffer layer could negate the benefit of a band
gap gradient since Ge diffused to the front. CZGS solar cells with alternative buffer layer
were fabricated to investigate front interface improvement. Zn,.Sn,O, (ZTO) buffer layers were
deposited at various temperatures and thicknesses. The open-circuit voltage (V,.) increased
to 1.1 V for CZGS/ZTO solar cells; however, V,. was relatively insensitive to ZTO band
gap variations. The current was generally low but improved with KCN-etching of the CZGS
absorber before deposition of the ZTO buffer layer. A possible explanation for the device
behavior is the presence of an oxide interlayer for non-etched devices.

The backside interface recombination can be reduced using band gap grading as well with
passivation layers. Therefore, ultrathin CZTS with oxide passivation layers of Al,O, or SiO,on
the back contact was investigated. The solar cell parameters improved with the addition of a
thin oxide layer, but blocking behavior increased with passivation layer thickness.
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1 Introduction

“We do not inherit the earth from our ancestors; we borrow it from future gen-
erations.” --- Anonymous

1.1 Background

The world is developing at an unprecedented pace fueled by energy-intensive
technological advancement [1], resulting in the highest ever living standard
and largest global economy. According to the International Energy Agency
report, the primary energy sources in 2019 remain non-renewable resources
such as coal, oil, and gas to meet the world’s energy demand [2], which is 0.9
percent higher than in 2018. In a nutshell, without fossil fuel consumption,
mass transportation, surplus food production and supply, technological ad-
vancements, and increased life expectancy are not currently possible [1]. At
the same time, overuse of fossil fuels risks long-lasting damage to the planet
and the critical question now is whether the rate at which fossil fuels are being
phased out of the energy supply chain is sufficient to sustain the current living
standards in society. According to the Intergovernmental Panel on Climate
Change (IPCC), human-induced global temperature increase (Figure 1) must
be limited to 1.5-2 °C above pre-industrial levels to limit catastrophic climate
change (extreme weather patterns, rising sea levels, and rising global temper-
ature) [3]. However, unless all greenhouse gases are significantly reduced [4],
limiting global warming to 1.5 °C will be impossible. Therefore, making tre-
mendous and time-bound progress towards clean energy alternatives is cru-
cial.

Solar energy is an abundant and virtually free source of renewable energy
on a global scale. However, in the time domain, sunlight availability does not
always coincide with energy demand, making solar energy unreliable without
efficient energy storage and distribution technologies [5]. Current solar cell
(photovoltaics, PV) technology has a decent lifespan of more than 25 years
[6], and more efficient solar PV technologies are being investigated. In addi-
tion, different recycling technologies have been investigated for the last few
decades [7], but the primary issue is to stay abreast of current solar cell tech-
nology. Nonetheless, there cannot be a single solution to fulfill the world’s
rising energy demand. The combination of different renewable technologies
(hydroelectric, wind, biomass, geothermal, tidal) together with storage can be
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a better solution depending upon the geographical location, to ensure a reliable
energy supply.

1.4
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Figure 1 Global temperature rise above pre-industrial level. The figure is adapted
from [10,11].

Solar energy is an abundant and virtually free source of renewable energy
on a global scale. However, in the time domain, sunlight availability does not
always coincide with energy demand, making solar energy unreliable without
efficient energy storage and distribution technologies [5]. Current solar cell
(photovoltaics (PV)) technology has a decent lifespan of more than 25 years
[6], and more efficient solar PV technologies are being investigated. In addi-
tion, different recycling technologies have been investigated for the last few
decades [7], but the primary issue is to stay abreast of current solar cell tech-
nology. Nonetheless, there cannot be a single solution to fulfill the world’s
rising energy demand. The combination of different renewable technologies
(hydroelectric, wind, biomass, geothermal) together with storage can be a bet-
ter solution depending upon the geographical location, to ensure a reliable en-
ergy supply.

Earth typically receives around 3,400,000 Ej on its surface throughout the
year, which is at least 7000 times higher than annual global energy consump-
tion [12]. In terms of practical application, on a global scale, land availability
is not a concern [13]. It is slightly more challenging, particularly in densely

! The term ‘pre-industrial levels' may refer to historical period (according to IPCC, 1850-1900)
prior to the commencement of the industrial revolution [8,9].
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crowded areas. According to Breyer [14], the densely populated regions can
generate almost 20 % of the world's solar energy consumption. One possibility
is to employ roofs and facades. Agrivoltaics, which utilizes solar roofing in-
stalled above fields, and solar panels that float on water are also gaining inter-

est [15].
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Figure 2 (a) Comparison of global weighted average levelised cost of electricity
(LCOE) of solar PV with other renewable resources, and (b) LCOE forecast of solar
PV and fossil fuel technology ©IRENA(2020) [16].

According to the International Renewable Energy Agency (IRENA)-2019
report [16], the renewable power mass-production stations of 2019 have gen-
erated electricity at lower costs (LCOE)? than the cheapest new fossil fuel-
powered power plants (Figure 2). The net cost of the electricity generation on
utility-scale solar photovoltaic prices fell steeply (= 82 %) from 2010 to 2019,
making it very competitive with conventional electricity sources and other re-
newable sources [16]. Solar PV-generated electricity cost is slightly higher
(cost reduction between 42 to 79 %) in residential sector than commercial sec-
tor, depending on the country [16,17]. According to a June 2021 report by
Fraunhofer ISE [18], the operation costs (LCOE) of the solar power systems
are predicted to decline continuously in comparison to traditional power
plants. Renewable energy technologies are advancing at such a rapid pace that
the dominating future technology is difficult to predict. However, PV cells

2 Levelised cost of electricity (LCOE) is measured as the total cost of the power system per unit
energy generated over its lifetime.
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may become one of the cheapest and sustainable electricity generation meth-
ods in the future, since electric energy can power most of the electronic sys-
tems.

CZTS absorbers were found to have more deep defects than their Se coun-
terpart [19-21]. The detrimental deep defects were reported to relate to the
multivalence nature of Sn [22]. Ge substitution of Sn increases the band gap
energy and can possibly reduce the deep defects in CZTS [22,23]. Ge incor-
poration in CZTSSe solar cells has been reported to give beneficial effects on
device performance [24-26]. Many investigations reported Ge incorporation
in CZTSSe [19,22-25,27-33], but very few studies [26-28,34,35] were con-
ducted on the wide band gap Cu,ZnGexSni-xSs (CZGTS) investigated in this
thesis.

1.2 Thesis motivation and aim

This thesis aims to explore possibilities for reduction of losses that limit per-
formance of CZTS, by means of Ge incorporation in CZTS absorbers. This is
done by fabrication and detailed characterization of CZGTS and Cu,ZnGeS.
(CZGS) thin-films and solar cells The CZGTS or CZGS solar cell structure
was taken from the widely investigated CIGS solar cells, and a two-step ab-
sorber fabrication methodology of sputter-deposition and sulfurization was
used. The fabrication conditions for CZGTS are chemically more demanding
than for CIGS, since the annealing condition requires high temperature and
chalcogen (S or Se) overpressure [23,34]. This places great demands on the
annealing atmosphere, since chemical reactions on each side of the absorber
can affect the properties of the CZGS absorber. The absorber properties on the
back interface can be affected, and the change in electrical properties and ad-
hesion on back-contact can be detrimental to the performance of chalcogenide
thin-film solar cells. Therefore, compositional back grading and adhesive in-
terlayer are investigated.

In this thesis, CZGS and CZGTS absorbers were fabricated using com-
pound sputtering and annealing. Firstly, CZGS precursors were deposited us-
ing Ge and GeS target and material properties were investigated. Then, bi-
layers of CZTS on top of CZGS (CZTS/CZGS) were fabricated by using co-
sputtering. The development of a compositional grading was shown by vary-
ing sulfurization condition. Thereafter, adhesion of the CZGS absorber was
enhanced with usage of TiN interlayer between Mo and absorber. Sulfurized
CZTS/CZGS bilayers were prepared on TiN-coated Mo/SLG (TiN/Mo/SLG)
to fabricate the solar cells and for their investigation. Scanning Tunneling Mi-
croscopy/Energy Dispersive Spectroscopy (STEM/EDS) of sulfurized bi-
layers showed fast diffusion of Ge atoms through the grain boundaries to the
surface, leading to enhanced cliff-like band alignments. Therefore, alternative
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Zn1,SnxOy (ZTO) buffer layers were deposited on CZGS absorbers with var-
ying deposition conditions. Additionally, CdS buffer and ZTO buffers were
compared for solar cells along with the effect of etching of the absorber.
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2 Solar cells

A solar cell (or PV device) is a device that converts light energy into electrical
energy, and semiconductors are the fundamental building block of such de-
vices. It is essential to understand the fundamental properties of semiconduc-
tors and external factors such as temperature and dopants, affecting their prop-
erties as described in standard reference books [36—38]. Understanding the
operating principle of a traditional (c-Si) solar cell is vital to comprehend new
types of solar cells.

2.1 Semiconductor fundamentals

A crystalline material is composed of atoms or ions (lattice points) arranged
in a periodic array in three dimensions. The array of atoms can be imagined
to be divided into a smallest space (unit cell) created by a set of three planes
passing through atoms, the plane in each set being parallel and equally spaced
[39]. A smallest space is created by these lattice points, and such a unit cell
has identical surrounding of atoms as viewed from any direction. Atoms con-
tain a positively charged nucleus surrounded by electrons in discrete energy
levels [40]. Atoms are tightly packed in a crystal so that the discrete energy
level interact, resulting in allowed energy bands separated by forbidden en-
ergy gaps [41]. The bottom of the lowest unoccupied energy band and top of
the highest occupied energy band are called conduction band minima (CBM
(Ec)) and valence band maxima (VBM (Ey)), respectively. The difference be-
tween E. and Ey is called band gap energy (Eg) (see Figure 3), an important
parameter for semiconductor materials for solar cells. Electrons occupy the
valence band, and the conduction band remains empty at absolute zero tem-
perature. The electron occupancy of energy levels is defined by a Fermi en-
ergy level (Er) as described in standard textbooks [36,42]. The conduction and
valence band of a conductor overlaps and result in low resistivity [36]. On the
contrary, the band gap of an insulator is large enough so that the conduction
band is unoccupied by electrons. It should be noted that the standard band gap
range for insulators or semiconductors is not clearly defined.

Semiconductor materials have a conductivity that is intermediate between
conductor and insulator. In semiconductor (Eq~ 0.5 to 3 eV) [42,43] materials,
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the thermal energy can excite electrons to the conduction band at room tem-
perature. If the impinging photon energy exceeds the band gap of the material,
the electrons are excited from the valence band to the conduction band, result-
ing in free electrons. Consequently, holes are created in the valence band, re-
sulting in electron-hole pairs. The density of holes in the valence band equals
the electron density in the conduction band of an intrinsic semiconductor, as
shown by the presence of Fermi level in the middle of the band gap (Figure
3). In n-type semiconductors, the Fermi energy level is located near the con-
duction band whereas, in p-type semiconductors, Fermi energy level is located
close to the valence band, and underlying physics are described in the refer-
ences [36].

The kinetic energy of holes is measured downward from the valence band,
whereas that of free electrons is measured upward from the conduction band
since electrons and holes are oppositely charged [42]. The free electrons in the
conduction band or holes in the valence band can contribute to current flow.
The charge carriers can only be collected until a specific time, called lifetime;
otherwise, they recombine. The flow of charge carriers is strongly affected by
their short lifetime. Therefore, an active mechanism of charge separation, the
built-in electric field by a pn-junction, is used in solar cells to sustain a current
flow in semiconductors.

Insulator Semiconductor Conductor

Figure 3 Schematic energy band diagram of insulator, semiconductor, and conductor.
The electron-hole pairs are generated when a photon of energy greater than the band
gap impinges on the semiconductor. Red solid circles represent electron in the con-
duction band, whereas hollow circles represent the holes in the valence band.
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2.2 Band gap of solar cell materials

The band gap is an important parameter to select a semiconductor for solar
cells. The photons of at least energy just higher than the band gap are required
to generate electrons and holes in a semiconductor. The electrons with energy
over the band gap will lose their surplus energy as heat to the solar cell, a
process known as thermalization. Thermalization losses increase with a de-
crease in wavelength. On the other hand, the lower energy photons (E < Eg)
cannot generate electron-hole pairs. Thus, the increasing absorption while lim-
iting thermalization provides the theoretical limit for power conversion effi-
ciency (PCE). Shockley and Queisser (SQ) calculated the theoretical limit of
PCE for an optimum band gap based on an ideal model and certain assump-
tions [44]. The band gap between 1.1 to 1.6 eV was estimated to be in the
optimum band gap [44]. The SQ limit is a widely used reference for under-
standing PV energy conversion, but many factors other than band gap energy
can be considered to determine the PCE conversion limit of various solar cell
materials.

Photon energy (eV)

248 1.24 0.83 0.62 0.50
2.4 B —— A.M.O
2 —  AM.15G
2.0 Q
@]

Spectral irradiance (Wm=2nm-1)

L L L
500 1000 1500 2000 2500
Photon wavelength (nm)

Figure 4 A.M.0 (extra-terrestrial) solar irradiance and standard A.M.1.5G solar spec-
trum for solar cell characterization. The band gap of CZGTS can be changed from 1.5
to 2.2 eV, as shown by blue shading. The optimum band gap is between 1.1 to 1.6 eV
according to the SQ limit is marked by green line.

The solar cells are tested under standard solar spectrum, called A.M.1.5G
spectrum (Figure 4). It is defined as the solar radiation traveling through 1.5
times the thickness of the atmosphere (airmass), reaching the surface of the
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earth (including diffuse radiation) [45]. Sunlight consists of photons of differ-
ent energy, where the distribution of energy depends upon the temperature of
sun and the distance traveled by the photons through the atmosphere of the
earth. Sunlight can be efficiently harvested using multijunction solar cells us-
ing the monolithic connection.

The band gap of a semiconductor can be either direct or indirect. In case of
direct band gap material, the probability of sunlight absorption is higher than
for indirect band gap semiconductors. The relation between thickness and ab-
sorption is given by Lambert-Beers Law,

1(x, 1) = [,(A)e *e@ 1)

where | is incident light intensity for a certain wavelength, 7, is incident
light intensity, x is penetration depth below the surface, and « is absorption
coefficient.

A few assumptions were made to derive the law given above, of which the
most important are that the absorption coefficient and scattering losses remain
constant throughout the thickness of the material [46—48]. These assumptions
can be compromised in compositionally graded thin films due to variations in
the mechanical properties of the films. CZGTS being a direct band gap mate-
rial [49,50], a thin film of around one micron is required to absorb sunlight. A
thicker layer, typically around hundreds of microns, is used for indirect band
gap material, like c-Si. Therefore, thin film solar cells require less material,
which can be beneficial to improve eco-friendly sustainable production. In-
dustrial methods such as roll-to-roll production and monolithic integration can
further reduce the cost of thin film solar cell technology [51]. The thin film
semiconductor can be utilized in flexible solar cells, and the overall weight of
solar cells can be reduced.

A pn-junction is the core of the solar cell. The separation of photo-induced
charge carriers in solar cells occurs due to the electric field generated in the
space charge region of a pn-junction. So, the core of solar cell is pn-junction
in which conductivity changes from one type to another: p-type to n-type. The
junction can be classified primarily into two types based on different semicon-
ductors: homojunction and heterojunction. A pn-homojunction is fabricated
using only one semiconductor with two regions of different conductivity
types, such as in conventional (c-Si) solar cells. Two different semiconductors
can be used to form a pn-heterojunction, and this type of junction is commonly
used for thin-film solar absorbers as shown in Figure 6.
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2.3 CZTS solar cell structure and fundamentals

Figure 5 shows the basic structure of a CZTS thin film solar cell stack. The
structure includes a substrate with Mo for a back contact, p-type CZTS (or
other material) as absorber, buffer layer of n-type material, and n* layer as
front contact layer. The function of each type of layer is described in the fol-
lowing sections.

Figure 5 Illustration of the thin film solar cell stack with estimated thickness. CZGS,
sulfurized bilayers of CZTS deposited on top of CZGS (CZTS/CZGS), and CZTS
layers were used as absorber.

2.3.1 Substrate

A substrate is always required to support thin film solar cells. Various sub-
strates such as steel, glass, or polymer can be chosen to deposit solar cells.
The different types of substrates require different adaptations to absorber pro-
cessing, e.g., taking into account the substrate’s thermal tolerance, mechanical
properties, and the possibility of diffusion of impurities from the substrate.
The latter can be beneficial (e.g. Na from glass) or detrimental (e.g. Fe from
steel) in certain cases. Soda-lime glass (SLG) is commonly used in many types
of solar cells as shown in Figure 5. The diffusion of impurities such as Na
from the glass substrate to absorbers is reported to be beneficial for CZTS
solar cells [52]. The Na layer treatment on alternative substrates such as ZrO,
[53] and steel [54] are reported to be beneficial for solar cell performance [52].
SLG was used as the substrate to fabricate absorbers in this thesis.
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2.3.2 Back contact and interlayer

The primary role of the back contact is to collect and conduct the charge car-
riers through the solar cell. It is the grey-colored transition layer between the
absorber and the substrate in Figure 5. There are stringent requirements for
the back contact material. Firstly, the sheet and contact resistivity of the back
contact should be very low. The mechanical properties of the absorber should
be compatible to the back contact to avoid delamination caused by stress [55].
The back contact should be stable under the required processing conditions of
the absorber fabrication, which involves the corrosive chalcogen environment
during annealing.

Mo, an opague back contact metal, is the standard back contact for CIGS
solar cells and has also been adopted for CZGS or CZGTS solar cells. The
physical and chemical properties of Mo back contact can change at high sul-
furization temperature. Since MoS; grows as 2-D layered hexagonal structure
with weak interlayer Van der Waals forces, the preferred growth orientation
along the c-axis can lead to weak adhesion. Delamination can occur due to
mechanical stress arising due to deposition conditions. In addition to this, a
mismatch in the thermal expansion coefficient can cause delamination or bulg-
ing during heat treatments [56]. Adhesion can be a complex problem if
stresses occur at different steps of thin film deposition.

In Paper-Ill, CZGS absorbers delaminated completely from Mo-coated
SLG after KCN etching; however, insertion of a TiN interlayer increased the
adhesion of the CZGS absorber. In the same paper, another set of CZTS/CZGS
bilayer absorbers was prepared, and some of the sulfurized bilayer absorbers
were delaminated after KCN etching on TiN/Mo/SLG. Owing to the partial
success of TiN/Mo/SLG, its use was continued for the CZGS absorbers in
Paper-1V. Additionally, the back-contact can influence the diffusion of impu-
rities such as Na into the absorber [57,58], which could change the properties
of the absorber.

2.3.3 Absorber

An absorber is the fundamental building block of the solar cell for the absorp-
tion of sunlight and power generation. In this thesis, absorbers such as CZGS
(Eg = 2.2eV) and CZTS (Eq4 =~ 1.5eV) are used in ungraded solar cells. The
maximum PCE of kesterite solar cells is still limited to 12.6 % [59], although
the band gap of CZTS lies within the optimum range of the SQ calculations.
The Voc-deficit (Eg/g-Voc) of the CZTS solar cells is often reported to be a
common bottleneck for limited PCE [60-62]. The exact reason for the low V¢
is still debated, but band tailing, deep defects, and interface recombination are
reported to be the main culprit [60,63] as discussed in Paper-1. Deep defects
occur not only as a result of impurities, but also as a result of deep levels due
to intrinsic defects in CZTS [64]. Sn can exist not just at its crystallographic
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location but can also exist at Cu or Zn lattice sites [65] due to different struc-
tural alterations in CZTS with distinct ordering. Sn can assume a +I1 oxidation
state at Cu site. However, Sn can assume +11 or +IV state on the Zn site. The
transition of oxidation state from +IV to +II state on Zn site is reported to
create a detrimental deep defect [64].

Replacement of Sn with Ge can suppress the formation of deep defects to
reduce bulk recombination (Paper-1) [63,66-68]. Additionally, in CZTS, the
replacement of Ge has been reported to increase the grain size [26,28,66,69]
and rough texture [26,28] with an increase in Ge content. The large grain size
can reduce the defects along grain boundaries, which might enhance the solar
cell performance. Most of the relevant studies focus on low band gap with
selenium-based single junction solar cells, which left a lot of the scope for
developing wide-band gap CZGTS absorber for multijunction application
[70,71]. The PCE of several CZGTS solar cells is summarized in Table 1.

Table 1 Compilation of CZGTS solar cells composed of a homogeneous alloy that
have been reported in the literature.

Alloying composi- Eqg Voc Voc-deficit  PCE (%) Ref.

tion (eV) (mV) (mV)
([Gel/([Sn]+[Gel))

<0.1 15 629 871 5.5 [72]

=0.1 1.4 590 810 4.5 [73]

0.5 1.6 480 1120 4.6 [74]

0.7 1.8 870 930 2.4 [70]

1 2.0 700 1300 0.7 [28]

2.3.3.1 Homogeneous absorbers

As already described, an absorber absorbs sunlight and generates current.
CZTS or CZGS absorbers are required to show good conductivity. The ab-
sorption coefficient of both absorbers is comparable. The lifetime and mobil-
ity of the charge carriers should be sufficient to facilitate the charge carrier
transport through the absorber. The reported diffusion length for CZTS and
CZTSe is around 500 [75,76] and 2000 nm [77], respectively. In contrast, the
lifetime for CZTS [78,79] is reported to be 13 ns compared to 7 ns for CZTSe
[80]. The charge carrier lifetime is reported to increase if Sn is completely
replaced by Ge in CZTSe [67,81]. However, these parameters are still under
research for CZGS.

Collord and Hillhouse et. al. [82] reported the improved PCE (11 %) with
[Gel/([Sn]+[Ge]) (GGS) of 0.25 due to reduction of V-deficit. Vo was found
to be as high as 226 mV with GGS of 0.7 in CZTSe, however, the PCE
dropped significantly with high GGS due to unfavorable band alignment be-
tween CZGTSe and CdS and formation of midgap deep defects. The best Ge
homogeneous alloyed kesterite had achieved an efficiency of 12.3 % (Eg~ 1.2
eV) with selenium incorporation and retained the high potential of single-junc-
tion high-quality solar cell [83]. Vqc-deficit (583 mV) of the selenized devices
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was improved by a reduced band tailing via controlled distribution of GGS.
The author also reported the improvement in charge carrier’s lifetime along
with the reduction in carrier recombination absorber/buffer or in the space
charge region.

In the case of sulfur and selenium-containing absorbers, Ford et. al. [66]
reported the 6.8 % efficient solar cell composed of Cu,ZnGexSni«(SySei.y)a
(CZGTSSe) nanocrystals ink with GGS of 0.7. Hages at. al. [67] optimized
the nanocrystal method and reported a significant device improvement up to
9.4 % in CZGTSSe solar cells with GGS = 0.3. The increased minority carriers
along with reduced voltage-dependent collection were also reported by the
author.
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Figure 6 Schematic band diagram of thin film solar cell in which n-type ZTO buffer
layer is deposited on CZGS absorber solar cell. Here y and @ are the electron affin-
ity and work function [84,85].

The performance of CZGS solar cells was still limited to 0.7 % as shown
in Table 1. In sulfur-containing CZGTS absorbers, the electrically and opti-
cally active defect would be critical for the application. Levcenko et. al. [86]
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reported the optical properties of Cu,ZnGeS, single crystals using Raman and
photoluminescence. PL spectra consisted of two emission bands at 2 eV and
more intense near 1.4 eV. The reported bands were attributed to the donor-
acceptor pair transition with low activation energy for a less intensive band
[86], limiting the overall device performance. Additional performance bottle-
necks could occur due to non-radiative bulk and interface recombination as
discussed in Paper-I.

In this thesis, CZTS and CZGS are used as ungraded absorbers for solar
cells. The conduction band shifts up with increase in Ge concentration of
CZTS, the band alignment between CZGS and CdS is also expected to be
negative [84,85], as shown in Figure 6. Cliff-like alignment can reduce V.
from optimal and increase interface recombination. However, a large spike-
like alignment can block the photocurrent. Therefore, a small spike-like band
alignment is desirable. On the other hand, back-contact interface recombina-
tion is also needed to be reduced which could be achieved using back surface
passivation or improved band alignment.

2.3.3.2 Sn-Ge graded absorbers

Improved performances were reported by rear band gap grading of CZGTSSe
compared to CZGTS. Marquez et. al. [87] reported the segregation of Ge to-
wards the back of the absorber even though Ge was deposited on the front side
of CZTSe. Andrade-Arvizu [23] reported the back band gap grading with sim-
ilar methodology using different GGS of 0.2 and 0.4. The optoelectronic prop-
erties of the graded device were improved from the ungraded solar cell to the
graded solar cell. The improvement in band gap graded device was attributed
to improved carrier collection assisted by artificial electric field and reduction
in back side recombination.

In case of sulfurized CZGTS, short-circuit current density (Jsc) could de-
crease due to the larger band gap caused by Ge inclusion in CZTS. The band
gap grading could be used to compensate the Js as also discussed in Paper-I.
Kim et. al. [74] reported a back-graded CZGTS solar cell fabricated by nano-
crystals-based precursors. The band gap of the absorber was decreased from
back side (1.85 eV) to front side (1.62 eV). PCE of graded improved from 4.6
% to 6 % (ungraded reference), due to increase in Jsc and Voc.

Figure 4 shows the estimated band gap change in CZTS with increase in
Ge incorporation. The conduction band shifts up with increase in Ge concen-
tration in CZTS. This leads to an artificial electric field defined as conduction
band gradient. Therefore, a smooth increment in conduction band from front
interface to back interface can create an electric field from back interface to
front interface. This electric field can push electrons from back to reduce back
surface recombination. In Paper-11 and Paper-111, a compositional gradient is
investigated from back contact to front contact. The compositional grading of
absorbers on interface can be useful to tune the interfacial band alignment.
Such layer is an ideal choice to avoid carrier recombination from front or back.
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However, it comes with a challenge to control process conditions to improve
passivation. The passivation can usually be defined as process of controlling
chemical reactions on the thin films, diffusion barriers, improve of band align-
ment, etc. A similar study with insulating oxide layers such as Al.Os [88],
Si0O;, [89] are reported to show a passivation effect for CZTS and CIGS mate-
rial. These layers also control the formation of MoS; on back contact, diffu-
sion of Na from SLG. However, increased thickness of an oxide layer can
show the effect of blocking charge carriers in the diode. In this thesis, Al,Oy
and SiOx layers were used on back contact of the ultrathin CZTS layer. The
thickness of the oxide layers was controlled to avoid insulation of the ab-
sorber.

2.3.3.3 Absorber for tandem application

As already mentioned, monolithic integration of the solar cell can be used as
cost-effective solution. A major portion of the solar spectrum cannot be uti-
lized by a single junction solar cell. It can be a suitable method for efficient
use of the solar spectrum while reducing thermalization losses and increasing
absorption. Figure 4 shows the optimum band gap of solar cell for single junc-
tion solar cells. Six junction solar cells are reported to show highest solar cells
efficiency, with a current PCE record of 39.2 % under A.M.1.5G illumination
and 47.1 % with concentrator [90]. This strategy is quite useful to harvest solar
spectrum from far infrared to UV region with the advantage of reduced ther-
malization losses. High band gap materials such as CZGS and CZTS can be
utilized for this application. The band gap of CZTS is 1.5 eV which can be
used with low band gap material. Hajijafarassar et. al. [91] has recently re-
ported the successful monolithic integration of CZTS on bottom Si solar cell
(Tunnel Oxide Passivated Contact (TOPCon) architecture). One of the signif-
icant challenges for this type of tandem solar cell is to reduce the contamina-
tion by elements of CZTS. Cu diffusion in Si can form copper silicides which
lead to detrimental midgap defects in Si. TiN of thickness 10 nm has been
used as an effective diffusion barrier layer. CZTS absorbers of thickness
around 300 nm are fabricated on top of Si solar cell [91].

In this thesis, CZTS (d = 330 nm) is deposited on top of Si TOPCon solar
cells. CZTS absorbers are fabricated by a two-step process that begins with
sputtering and ends with sulfurization, as described in Chapter 3. Heat treat-
ment is the fundamental limitation for Si solar cells due to interdiffusion caus-
ing contamination of Si solar cells. The charge carrier lifetimes are signifi-
cantly affected due to the incorporation of Cu impurities in Si solar cells. TiN
and p+ polycrystalline-Si (polySi) layers were used to control Cu diffusion
into CZTS. CZTS was annealed for different sulfurization durations to inves-
tigate the Cu diffusion into Si solar cells.
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2.3.4 Buffer layer

The selection of buffer layer is stringent in order to fabricate effective pn-
heterojunctions. The interface recombination can strongly impact if interfacial
defect states occur due to inferior material quality or lattice mismatch [38]. n-
type CdS buffer is extensively investigated for kesterite solar cells. There are
many advantages of using this layer, such as protection of CZTS absorbers
from sputtering of ZnO, incorporation of Cd into CZTS films [79,92], and
removal of compounds on CZTS surface. However, in addition to the bulk
recombination in CZTS, the next major recombination path is front interface
recombination due to a cliff-like band alignment at absorber-buffer interface
[93,94]. In addition, it is advantageous to exclude the use of CdS due to haz-
ardous Cd to the environment. Different Cd-free alternative buffers have been
investigated as a possible substitute for the n-type layer in CZTS. Zn-based
buffer layers (ZnO, ZnS, Zn(0O,S), (Zn,Mg)0, Zn1,Snx0y) [95-98] and In-
based buffers [96,99,100] were used to optimize the front interface of kesterite
based solar cells.

In this thesis, ZTO and CdS buffer layers were investigated for CZTS,
CZGTS, and CZGS solar cells. Figure 6 shows the band alignment of a ZTO
buffer layer with a CZGS absorber. It should be noted that the band gap of the
absorber and CdS buffer layer is comparable, leaving a very small portion of
sunlight to be absorbed on p-type CZGS. Therefore, wide band gap materials
such as ZnS, Zn1xSn,Oy, Zn,Ge1.xOy can be used as buffer layers for CZGS
absorbers.

2.3.5 Transparent conducting oxide front contact

There are mainly two requirements for the window layer. The main selection
criteria for this film are wide band gap, high transmittance, low reflection
losses, and lowest possible sheet resistivity. Transparent conductive oxide lay-
ers are preferred to have low free charge carrier concentration with high mo-
bility to avoid the free carrier absorption at low wavelength [101-103]. The
structure used in this work is a bilayer consisting of intrinsic (i-ZnO) and con-
ductive Al-doped ZnO (AZO). i-ZnO is a resistive layer to avoid the shunt
paths, and AZO is highly doped ZnO with low sheet resistance.
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3 Solar cell fabrication

In this chapter, all fabrication protocols for solar cell fabrication are described.
A two-step procedure was used throughout the thesis to produce absorber lay-
ers (CZTS, CZGS, or CZGTS) that involved co-sputtering at a low tempera-
ture (250 °C) in the first stage and a high-temperature (= 582 °C) sulfurization
in the second stage. SLG was used as a substrate, and the other layers of the
devices were deposited using Chemical Bath Deposition (CBD), Atomic
Layer Deposition (ALD), and sputtering.

3.1 Sputtering

The sputtering process takes place in a chamber evacuated at low pressure, as
shown in a schematic diagram in Figure 7. In the chamber, single or multiple
solid material targets comprising coating elements are used in conjunction
with substrates to be coated. When a high negative potential is applied to the
target with a controlled supply of inert sputtering gas, the gas atoms ionize,
and a plasma is generated. Sputtering is a type of physical vapor deposition
method in which energetic (inert gas) ions from plasma are bombarded on the
surface of a target (cathode) material, causing ejection of its constituent atoms.
The ejected atoms and ions are deposited on the substrate (anode). The depo-
sition rate depends upon the sputter yield of the target material. The sputter
yield can be defined as the number of ejected atoms per incident ion, which
increases with the energy and mass of the ions and depends on the angle of
incidence of the ions. To deposit multi-component materials, multiple targets
can be sputtered simultaneously to obtain a homogenous film of the required
composition. In compound sputtering, the main advantage of sputtering is that
multicomponent targets (alloys) do not change metallurgically due to thermal
diffusion, chemical reactions, or back-sputtering, and the sputtering process
ensures layer-by-layer ejections.

Two types of sputtering processes are used: Direct current (DC) and Radio-
frequency (RF) sputtering. DC sputtering is an inexpensive technique to sput-
ter conductive targets. However, DC sputtering cannot be used for semicon-
ductor or insulator targets since charge buildup on the target material may
eventually lead to arcing and poisoning the target material. Pulsed DC and RF
sputtering are used for sputtering CuS, ZnS, and SnS targets. RF sputtering
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alternates the current at radio frequency, preventing a charge from building
up. This technique requires an RF power supply of 13.56 MHz with typically
high power (1 to 2 kW) and about 2 kV peak-to-peak voltage to couple cathode
using a matching network, adding more cost to the system.

Sputtering is a scalable industrial technique that can be used to deposit thin
films over a large area. The magnetron was a significant advancement in sput-
tering. A magnetic field parallel to the surface of the target is introduced. The
ionization efficiency is enhanced since some electrons are bound to the surface
of the target by the orthogonal electromagnetic field, increasing the energy
and density of ions and resulting in a high sputter rate. A tunnel-shaped mag-
netic field creates endless toroidal trapping zones to restrict the discharge
plasma near the cathode surface. Sputtering is an energy-intensive method;
however, improvements such as RF and magnetron make it versatile and effi-
cient to deposit adherent films of high purity at low pressures.

L Sputtering

— gas (Ar)

CZGTS

Figure 7 Schematic diagram of compound sputtering system with CZGTS precursor
deposition conditions.

The sputter deposition was carried out in a controlled atmosphere of about
1 Pa of gas during this work. The gas atmosphere was comprised of non-reac-
tive Ar (99.99 % purity) for Mo, CZGTS, i-ZnO, AZO deposition, and a com-
bination of high purity Ar+N, for reactive sputtering deposition of TiN. The
base pressure of different vacuum chambers was close to 10° Pa. CZGTS
films were prepared using co-sputtering of CuS, ZnS, Ge, and SnS (all were
99.99 % pure) targets. Investigations of using GeS target instead of Ge are
reported in Paper Il and chapter 5. The depositions were carried out on SLG
substrates coated with Mo (Mo/SLG) that had been deposited by DC sputter-
ing of a Mo target (Paper-11). CZTS/CZGS or CZGS layers were deposited on
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TiN/Mo/SLG in Paper-I1l and Paper-1V. CZGS films were briefly air-exposed
before deposition of the second layer of CZTS to measure the composition of
films from each sputter batch. Constant power mode was used to sputter de-
posit all the targets. The deposition was conducted with a temperature of
250°C on the substrate holder spinning at 0.33 Hz (see Figure 7). The deposi-
tion was carried out in Kurt. J. Lesker sputter system. The properties of the
films can be influenced by chamber pressure and substrate holder temperature.
Therefore, similar conditions were used to deposit each kind of precursor;
however, the properties of the films could change due to change in the com-
position of the films.

Figure 8 CZTS/CZGS bilayer precursor with an adhesive interlayer (TiN) between
the absorber and Mo/SLG. This type of sample was used in Paper-111.

The adhesive TiN interlayer was deposited using Ti target (99.99 % pure)
by reactive sputtering, in which reactive gas (N.) reacts with target atoms
while growing film on the substrate. Detailed information about the TiN base-
line can be found in another thesis work [104]. Buffer layers were deposited
on top of absorbers (sulfurized precursors). In order to finalize the solar cells,
i-ZnO, AZO layers were deposited using sputtering of ZnO and AZO (99.99
% pure) targets.

3.2 Sulfurization of precursors

Sulfurization is an important process to obtain the required quality of the ab-
sorber. The best device performance is obtained from Cu-poor and Zn-rich
films. A sulfur-rich annealing atmosphere can be used to control loss of excess
Sn due to slow diffusion and loss in the atmosphere [105]. Insulating phase
ZnS still segregate on the interfaces. Another advantage of using second stage
annealing can be helpful to create a concentration gradient of Ge and Sn in
CZGTS. CZTS/CZGS bilayers are fabricated before annealing in the presence
of sulfur. The controlled duration of annealing can be useful to control the
elemental diffusion of Ge and Sn. The grain growth and decomposition of the
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CZTS phase are also controlled with sulfur, Ar overpressure, and anneal du-
ration [106].

The absorbers are prepared by sulfurization (reacting with sulfur vapor) of
a bilayer or single layer precursor. High-temperature sulfurization is a crucial
step to improve the absorber quality for solar cells. This process was done in
a homemade furnace setup. The furnace can be divided mainly into three parts:
load-lock zone, cold zone, and hot zone. The films were loaded into a 50 x 50
mm? pyrolitic coated graphite box (GB) equipped with a lid containing a 3
mm diameter hole. The samples were pushed into the transition zone between
the load-lock and cold zone. The hot zone was preheated to a set temperature,
and the furnace was conditioned with pumping and purging Ar gas after load-
ing samples into the transition zone. The furnace was filled with 47 kPa Ar
gas before transferring samples directly from the transition zone to the hot
zone. In this way, a fast-heating rate was realized, and the sample holder tem-
perature rose to approximately 582 °C for each sulfurization batch.

The films were annealed for a short duration (13 minutes or shorter) to
avoid the decomposition of CZGTS. The timer was started once the tempera-
ture of the sample holder increased up to 550 °C. The temperature of the sam-
ple holder was estimated by a thermocouple embedded into the Ti sample
holder. After completion of the sulfurization duration, the sample holder was
retracted to the edge of the hot zone until the temperature decreased to 200 °C.
Ar gas was removed from the furnace and pumped down to base pressure (0.7
Pa). The furnace was conditioned again with continuous flow (50 sccm) of Ar
(99.9 % pure) gas, and the samples were transferred to the cold zone. Once
the temperature of samples dropped below 60 °C, these were transferred to the
load-lock and unloaded. The composition of the CZGS was compared before
and after sulfurization, and no compositional changes were measured. How-
ever, a full systematic study on CZGS decomposition as a function of anneal-
ing conditions was not done for this thesis.

47 kPa Ar - 203 )
#

a g

Figure 9 Sulfurization tube furnace with standard anneal conditions. The graphite
box was filled with maximum of four samples and sulfur pellets, shown as yellow
dots. The above figure is adapted from Paper-I11I.
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In this thesis, 1 mm thick SLG glass was used for all the investigations.
Since no diffusion barrier was used, Na was always diffused into the thin
films. Glow Discharge Optical Emission Spectroscopy (GDOES) profiles of
Na were compared in Paper-1l and 111 since it can change the crystal growth
of the absorber. Another study investigated the increased Na concentration
owing to TiN deposition using the same baseline [104]. The standard anneal-
ing duration of thirteen minutes was used for the uniform composition of
CZGTS samples in Paper-Il; however, sulfurization duration was varied be-
tween two to thirteen minutes for CZTS/CZGS bilayer samples. The set tem-
perature for the substrate holder was approximately close to 582 °C (Paper-II,
III, and IV). It should be noted that the word “sulfurization” was used inter-
changeably with “annealing with Sulfur” throughout this thesis.

3.3 Other deposition methods

Solar cell fabrication requires a series of deposition steps from back contact
to window layer deposition. This section discusses the deposition processes in
detail, except for the absorber preparation, which was discussed previously.

3.3.1 Back contact deposition

Prior to cutting the substrate to 25 x 25 mm?, a baseline Mo bilayer back con-
tact of approximately 350 nm was sputter-deposited (DC) on a 100 x 100 mm?
clean SLG substrate. The bottom and top layers were sputtered at 1500 W,
with 15 mTorr for the first layer and 6 mTorr for the top layer. The sheet
resistivity of less than 0.6 Q /o was ensured for solar cell fabrication. More
details about Mo deposition can be found elsewhere [107].

3.3.2 CdS deposition

Before CdS deposition, the absorbers (sulfurized precursors) were always
etched in 5 wt % KCN solution for two minutes to remove secondary phases
such as CuxS and Na compounds. The CdS film was deposited by the chemical
bath deposition (CBD) method using a solution comprising 0.005 M cadmium
acetate, 0.07 M thiourea, and 1.14 M ammonia. The solutions were combined
in a beaker at room temperature, and the samples fitted in a stand were sub-
merged in the same beaker. The beaker was immersed in a heated water bath
at 60 °C for 8 minutes 15 seconds. The solution was stirred for 10 seconds
each minute. The samples were submerged in a separate beaker of deionized
(D.1.) water once the CdS deposition was completed to stop CdS growth. This
method produced a thickness of approximately 50 nm CdS on CZTS [108].
CdS deposition was used in Paper-I11 and 1V.
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3.3.3 Zn1xSnxOy deposition

ALD is capable of producing highly conformal and pinhole-free films with
precise thickness and composition control but at the expense of low deposition
rate and low chemical utilization chemical usage as compared to evaporation
[109,110]. ZTO buffer layers were deposited using ALD for CZGS solar cell
fabrication in Paper-1V. ZTO films were deposited at 90, 100, 110, and 120
°C ina Microchemistry F120 flow reactor using N2 (99.9999 %) as the carrier
gas. Zn(CzHs). (diethyl-zinc, DEZ, AkzoNobel TCO grade), Sn(N(CHs).)4
(tetrakisdimethylamino-tin, TDMASN, SAFC research-grade) and H.O (D.I.,
18 MQcm) precursors were effused into the chamber as a source of Zn, Sn,
and O. SnOy and deioniz subcycles were used in 1:1 ratio. Each SnOx subcycle
was composed of TDMASN/purge/H.O/purge with pulse durations of
0.4/0.8/0.4/0.8 s, whereas each ZnO subcycle was composed of
DEZn/purge/H.O/purge with pulse durations of 0.4/0.8/0.4/0.8 s. The detailed
information about ZTO fabrication can be found elsewhere [111,112]. ZTO
deposition was used Paper-1V.

3.3.4 Front contact deposition and scribing

A thin (90 nm) layer of resistive intrinsic zinc oxide (i-ZnO) was deposited
using a radio frequency sputtering from a i-ZnO target at a pressure of 0.13 Pa
Ar in Von Ardenne CS600S sputtering system. Following that, the transparent
conductive layer AZO (ZnO:Al, thickness 350 nm) was deposited by RF sput-
tering from a ZnO:Al target (2 wt % of Al.O; in ZnO). An overall sheet re-
sistance of the combined i-ZnO/Al:ZnO layer was maintained below 40 Q/o
on SLG for solar cell fabrication.

Mechanical scribing with a stylus was employed to define the solar cell
with an area of 0.05 cm?. More information about the solar cell fabrication
baseline can be found in the given references [112].
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4 Material and solar cell characterization
methods

Material characterizations enable the understanding of fundamental character-
istics of materials and monitoring of the synthesis process. Complementary
material characterization methods are often needed in the case of composi-
tionally gradient films owing to the intricacy of the material characteristics.
This section will introduce the material characterization methods used in this
thesis (See Table 2).

Table 2 Overview of different material characterization techniques used in this thesis.

The characterization information of each technique is limited to the planned experi-
ments for this thesis.

Method Probe Detection  Characteriza-  Used
beam/method tion infor- in
mation
Four-terminal re- Sheet resistiv-  Paper-
sistivity cumentand  pesistivity ity of back I, Il
measurement g contact and IV
Structure
AR Paper-
XRD X-rays Xrays ~ Crystallization, -, f
secondary and IV
phase
. . Paper-
Characteris-  Bulk composi-
XRF X-rays : . I, 11,
tic X-rays tion and IV
Surface com- Paper
XPS X-rays Electrons position nr v
) Inelastically Material Paper-
Raman spectra mg{;giprﬁt scattered phase, second- I, IlI,
g light ary phase v
Photolumines- Monochro- Radiative Paper
cence matic light emission Band gap v
Wavelength
Reflectance/trans- dependent Sfflgﬁtsamnﬁ? Optical band ~ Paper-
mittance monochro- tance gap I, 1V
matic light
Morphology )
Secondary and qualitative Paper
SEM/EDS Electrons electrons/X- P I, 1,
rays composition -\
information
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Scattered Morphology

STEM/EDS Tréalr;i[[r:g;ed electrons/X-  and composi- Pl?plelrl-
rays tion '

: Optical Elemental Paper-

GDOES Ar ions emission depth profile I, 11

4.1 X-ray techniques

X-ray techniques can be extensively used for material analysis. X-ray diffrac-
tion (XRD), X-ray fluorescence (XRF) spectroscopy, X-ray photoelectron
spectroscopy (XPS), Energy dispersive X-ray analysis (EDS) methods pro-
vide qualitative and quantitative information about the structure and compo-
sition of the materials. These methods are utilized to determine the chemical
phases/compounds or impurities present in bulk and on the surface.

X-ray is electromagnetic radiation of wavelength range between 0.001 and
10 nm with higher penetration depth than electrons, visible light, lasers (A =
325 nm to 785 nm). As a result, X-rays may provide information on the bulk
properties of a material. Different types of interactions of X-rays and electrons
with material relevant to this thesis are shown in Figure 10.
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Figure 10 Interaction of X-ray with crystalline material. Characteristic X-rays gener-
ated from the material were detected for XRF measurement, and ejected photoelec-
trons were detected in X-ray photoelectron spectroscopy.

4.1.1 X-ray fluorescence

XRF is a quick method that generates a signal from a large portion of the
sample. XRF of all the samples is measured in PANalytical Epsilon 5 setup.
The diameter of the measured area on the sample is about 2 cm. X-rays have
a considerably greater penetration depth than electrons; therefore, XRF has a
greater information depth than EDS. The cationic composition of CZTS
(CZGTS or CZGS) thin films is determined using XRF. The precursor films
are always deposited onto Mo/SLG. Since Mo-L, and S-K,, are indistinguish-
able, the anion composition is not quantified with XRF.
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Rutherford backscattering spectroscopy (RBS) is used to calibrate the XRF
measurement via a reference sample. XRF measurements of precursors were
compared with the calibrated reference to determine the unknown cationic
composition. XRF has been used to determine the composition of each batch
in all the manuscripts. More details about the calibration process can be found
elsewhere [113].

4.1.2 X-ray photoelectron spectroscopy

In XPS, an X-ray photon impinging on the material may excite an electron
from the core-shell of an atom to vacuum, and the kinetic energy of the pho-
toelectron is measured by a detector. An electron from successive outer shell
(L shell) transfers to the inner shell (K-shell) and releases a characteristics K,
radiation of the atom, which is detected in an X-ray fluorescence detector.
XPS is a powerful, non-destructive, and surface-sensitive technique to meas-
ure gquantitative and qualitative analysis. The information depth determined
by the inelastic mean free path of the excited photoelectrons is typically a few
nanometers. The binding energy of each electron is calculated from the meas-
ured Kinetic energy of the emitted electrons as given below,

Ekinetic energy — hv — Ebinding energy — @ (2)

where Av is the energy of the X-ray photon and @ is the spectrometer work
function.

The obtained binding energy spectra are compared with references. The
binding energy spectra of each element are unique and dependent on bonding
with other elements (chemical environment). In this work, XPS spectra of the
thin films were measured using Quantum 2000 ESCA microscope (Physical
Electronics) using a monochromatic Al Ko (1486.7 eV) source. Ultra-high
vacuum (UHV) (less than 10 Pa) was achieved after loading the sample in-
side the main chamber. The probe size of the sample was about 200 um. The
samples were air-exposed while transferring samples from the vacuum storage
to the XPS UHV chamber.

4.1.3 X-ray diffraction

X-ray diffraction is a technique to determine the structure of crystalline mate-
rials. Constructive interference of a monochromatic beam of X-rays scattered
at specified angles from each set of lattice planes in a film produces XRD
peaks. The atomic locations inside the lattice planes influence peak intensities.
As a result, the XRD pattern serves as a fingerprint of periodic atomic config-
urations in a material. A monochromatic X-ray (Cu K, source (1 = 1.5406 A)
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incident on the material and scattered elastically from atomic planes with in-
terplanar spacing d (see Figure 10). According to Bragg's law, X-rays reflect
with constructive interference at various angles,

2d sin® = nA 3

Here d is interplanar spacing, / is the incident wavelength of X-rays, 0 is the
incident angle between material and incoming beam, and n is an integer.

XRD is commonly used in two configurations: Bragg-Brentano (6-26) and
grazing incidence. For Bragg-Brentano mode, the X-ray source tube is locked
in place while the sample holder and detector are rotated so that the incoming
beam incidents at 8 (incident angle) and the detector is always at 26 (angle
difference between incident and reflected beam). This arrangement enables
the detection of a high-intensity beam diffracted from crystalline planes situ-
ated up to a few micrometers (um) depth in the sample. It can be used to find
the preferred grain orientation. The structure of a material may be investigated
using another configuration called grazing incidence X-ray diffraction
(GIXRD) at different penetration depths. A parallel monochromatic X-ray
beam incident at a low angle (angle greater than critical angle) and detector
record signal from the diffracted beam. The beam scattering volume increases
at a low incidence angle, which enhances the diffracted beam intensity for the
thin film sample. The incident X-ray beam depth can be varied by varying
incidence angles. Thus, in theory, GIXRD may be used to depth profile crys-
talline samples with low roughness.

In this thesis, Siemens D5000 was used to measure GIXRD diffractograms.
It was used to determine the absorber phase, secondary phases in Paper-Il, 111,
IV. GIXRD diffractograms of CZGTS were measured at different grazing in-
cidence angles (0.5 to 10°) within a small 20 range. All GIXRD measurements
in 70°>260>10° range were taken at grazing incidence of 1°. CZGTS exists as
either a kesterite or stannite polymorphs (indistinguishable by XRD). The sec-
ondary phases such as CuxS, ZnS, ZnosGeo 25S, Cu.GeSs, Cu,SnS; were tough
to be distinguished due to XRD peak overlap at low concentration of Ge in
CZGTS. ZnS and Cu,S can be identified in CZGS material using XRD. The
measured GIXRD diffractograms were verified by matching with reference
patterns from ICDD. XRD peaks shifts related to the increase in Ge concen-
tration in CZTS were measured. The presence of secondary phases was veri-
fied with other techniques such as Raman spectroscopy and STEM/EDS.

4.2 Optical characterization

An optical characterization is an essential tool for investigating fundamental
semiconductor properties and device performance. The optical properties of a
material can provide significant information about its physical properties,
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such as thickness and refractive index. The use of spectroscopy can provide
useful information about the electronic characteristics of the material. Absorb-
ance/transmittance, photoluminescence, and Raman scattering measurements
are some of the most used optical characterization techniques in this thesis.
Raman and PL measurements of all the samples were carried out in the Ren-
ishaw inVia system.

4.2.1 Raman spectroscopy

Raman spectroscopy is used to determine the crystal structure and quality of
the semiconductor material. It is a fast and non-destructive tool based on ine-
lastic scattering of light. The incident light can be scattered either elastically
or inelastically by the sample.

Raman spectroscopy measures the vibrational spectra of the material. The
characteristics of Raman vibrational spectra of each material depend upon the
mass and bonds of the neighboring atoms. Raman spectra of different materi-
als are unique fingerprints of materials but may need references for unknown
complex samples.

In Raman spectra of solid-state materials, an incoming photon excites an
electron to a high energy level due to inelastic scattering. The excited electron
generates or absorbs a phonon. The excited electron recombines by emitting a
photon equivalent to the energy difference of excited and ground energy lev-
els. The monochromatic laser is required to excite the electrons to precisely
generate and measure the unique Raman signal.

Inelastic Raman scattering is an infrequent event in comparison to elastic
Rayleigh scattering, occurring an order of million times less often [114]. Elas-
tic Rayleigh scattering occurs when the scattered light has the same frequency
as the incoming radiation. Stokes lines occur when the frequency of incoming
radiation is greater than the frequency of scattered radiation. However, when
the incoming radiation frequency is less than the scattered radiation frequency,
anti-Stokes lines emerge in the Raman spectrum. Additionally, strong Raman
signals of specific vibrational modes can be measured when the wavelength
of incident radiation is close to the electronic band gap of the semiconductor.
This type of Raman scattering is called resonance Raman scattering [115]. The
resonance Raman scattering signal is enhanced by order of between 10? to 10°
compared to ordinary Raman spectroscopy.

Multiwavelength (325, 532, 633, and 785 nm) Raman spectra of the
CZGTS samples were measured for Paper-11 and Il1. It should be noted that
the penetration depth depends upon wavelength and material properties. The
penetration depth of the sample is inversely proportional to the absorption co-
efficient of the material. A low power density (50 W/cm?) was used for Raman
measurement to avoid thermal damage. Near-resonant Raman spectra of the
samples were measured with an excitation wavelength of 785 and 325 nm la-
ser to investigate cation order-disorder and secondary phases.
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4.2.2 Photoluminescence

Photoluminescence (PL) is an optical phenomenon in which semiconductors
emit radiation due to radiative transition in band-to-band, or band-to-defect
state, or donor-acceptor pair transition. The excited electron-hole pairs are
generated by absorption of radiation of energy more than the semiconductor
band gap. CZGTS is a complex material due to the presence of deep defects,
defects complexes, and secondary phases. In all our studies, PL spectra of the
CZGTS were measured at room temperature. At room temperature, CZTS ma-
terial was reported to have tail-to-tail and tail-to-band transition in addition to
the band-to-band transition [116].

4.2.3 Reflectance and transmittance spectroscopy

Absorbance can be measured indirectly using an expression A= 1-R-T. The
absorption coefficient [117] is determined using the equation (4) after meas-
uring the reflectance (R) and transmittance (T),

_1l 1— R?
a—tn T

(4)

Where a is absorption coefficient, t is the thickness of the film, R is reflec-
tance, and T is the transmittance of the thin film. Equation (4) is only valid for
materials with high absorption coefficient, and multiple scattering within thin
film is neglected. The optical band gap of the thin film can be estimated by
Tauc’s plot [118],

o (hv — Eg)"

« hv

(5)

where a is energy-dependent absorption coefficient, v is the frequency of
light, h is Planck’s constant, n = 2 for indirect band gaps and n = 1/2 for direct
band gap semiconductor [118,119].

The wavelength-dependent transmittance and reflectance spectra were ob-
tained using a PVE300 system, which includes an integrating sphere and a
monochromatic light source. A monochromator was used to transform white
light produced by xenon and halogen lights into monochromatic light. The
integrating sphere collected the reflected intensity of direct and diffuse scat-
tering of light. The spectra were recorded using a Si/InGaAs detector with a
spectral range of 300-1700 nm. The band gap of CZTS is expected to increase
with an increase in Ge incorporation. Tauc’s plots were generated by plotting
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(ahv)? against photon energy (hv), and the linear region was extrapolated to
the abscissa (hv-axis) to confirm the direct optical band gaps of different al-
loys of CZGTS.

4.3 Electron microscopy

The resolution of the optical image is mainly limited due to the wavelength of
incident radiation as defined by Rayleigh criterion [120]. The wavelength of
the light used in a microscope is between ~ 400 to 700 nm, leading to image
resolution up to ~ 0.2um. However, for electron microscopy, the imaging res-
olution can be significantly improved to below 0.08 hm with advanced aber-
ration correction [121]. Therefore, electron microscopy (EM) is a technique
to obtain high-resolution morphological image of a specimen. The need for
sample preparation depends upon the nature of the investigation and the type
of electron microscopy. In this technique, an electron beam incident on the
sample, and a secondary or transmitted electron beam is detected using an
inlens detector or BSD for imaging. Type-l secondary electrons (SE1) are
emitted at a high angle (angle between emitted beam and sample surface) close
to the impact site, carrying high-resolution, surface-sensitive (topographic) in-
formation about the material. Type-1I secondary electrons (SE2) are produced
from a larger volume and higher depth than SE1 electrons and are emitted
from sample at a lower angle. Additional technigues such as back scattered
electron detection (BSD), and EDS can be used in conjunction with SEM to
probe the chemical composition the sample.

4.3.1 Scanning electron microscopy and energy-dispersive X-
ray spectroscopy

Scanning electron microscopy (SEM) may require minimal sample prepara-
tion depending on the conductivity of the thin films. Secondary electrons (SE1
and SE2) are commonly used to show the morphology and topography of the
samples with a nanoscale resolution by scanning an electron beam in a raster
pattern across the surface of the sample.

In the case of EDS, a primary electron beam hits the core-shell (K-shell)
and excites an electron to the vacuum level. A characteristic X-ray is gener-
ated when one electron from an outer shell transition to the core-shell. The
characteristic X-rays of each element have a specific energy, which are de-
tected using EDS detector. The resolution of EDS depends on the interaction
volume generated by the energetic primary electron beam and material. The
interaction volume increases with the increase in energy of the incident elec-
tron beam. The accuracy of EDS additionally depends on conductivity, mor-
phology, homogeneity of the material, and overlap of characteristic X-ray
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lines. For instance, Mo and S cannot be differentiated by EDS. Despite some
limitations, EDS is an essential technique for qualitative compositional anal-
ysis.

Electron

Ea————

|nteract'|on
yvolume

Figure 11 Interaction of primary electron beam with material and detection of charac-
teristic X-ray of elements with EDS detector. The interaction volume of the material
increases with increase in accelerating voltage of primary beam of electrons.

SEM of all the samples was done in Zeiss Leo 1550 system for Paper-II,
111, IV. The imaging of the samples was done at a low accelerating voltage (5
kV) to improve the imaging details of surface morphology (in Paper-I11); how-
ever, higher accelerating (15 kV) was used to measure the EDS spectrum (in
Paper-I1). The insulating ZnS secondary phase could be confirmed due to its
bright contrast (in Paper-11). SEM imaging can be strongly affected by charg-
ing in low-conductivity samples.

4.3.2 Transmission electron microscopy

Additional sample preparation is required for TEM analysis. There are mainly
two ways to prepare samples: mechanical grinding of the thin films and thin
film lamella preparation by sputtering energetic ions. In a focused ion beam
(FIB), ions are usually accelerated between hundreds of volts to 30 kV, where
a high energy beam is used for rough milling, and low accelerating voltage is
used to polish the final lamella. Thin-film lamellae were used to imaging and
EDS of the samples in STEM mode. In this mode, the microscope lenses are
changed to STEM mode to produce a focused convergent electron beam at the
lamella surface. The lamella is scanned with beam and X-ray signals were
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recorded from different elements. The point-by-point scanning generates a
complete image of different elements. Thus, electron beam is focused on a
narrow spot in STEM mode compared to conventional TEM imaging. The
accuracy and resolution of EDS spectra significantly improve in STEM con-
figuration. STEM/EDS has been used in Paper-I11, 11l to measure composi-
tional mapping of sulfurized CZTS/CZGS samples. The secondary phases in
addition to the voids, were investigated on the cross-sectional morphology of
thin films.

4.4 Glow discharge optical emission spectroscopy

Glow discharge optical emission spectroscopy (GDOES) is a destructive
technique to measure the elemental composition from the surface to the depth
of solid materials. This technique is rapid and highly sensitive to different el-
ements and is used for qualitative and quantitative analysis. The sample is
sputtered by Ar ions while using the sample as cathode, and glow discharge
plasma is simultaneously detected by optical emission spectroscopy of ele-
ments. Due to the impact of variable sputter rates in various materials, matrix
effects, and layer roughness, it is not easy to rely on GDOES profiles across
the interfaces of multi-layered films.

In this work, the elemental composition profile of films was determined
using a Spectruma Analytik GDA750HR analyzer using Ar as the sputtering
gas and a 2 mm probe diameter. GDOES was done to verify observed gradient
profiles, which were used to compare the qualitative distribution of different
elements throughout the thickness of the absorber.

4.5 Solar cell characterization

Solar cell characterizations are essential techniques to estimate the device per-
formance. The devices are intended to be used under sunlight which varies
widely with intensity, temperature, and spectrum. Solar cells are characterized
under standard operating conditions to ensure allow comparison.

4.5.1 J-V (current density-voltage) characteristics

JV measurements were done by contacting the front (n-side) and back (p-side)
contacts and measuring the output current while sweeping the voltage applied
to the cell, often called bias, over the desired voltage range, typically from a
negative to a positive voltage (reverse bias to forward bias). The measurement
is conducted in the dark first, followed by an A.M.1.5G illumination measure-
ment. This enables the identification of light-induced effects, but the extrac-

43



tion of device performance parameters is performed from the light measure-
ment, as explained by Hegedus and Shafarman [122]. Ideal J-V curves are
defined by the diode equation derived from the one-diode model, which is an
equivalent circuit for an ideal solar cell, as defined in Equation (6),

qv

J =], elaer) — j, (6)

Where J, is the dark saturation current density, and a measure of recombi-
nation in the device, n is the ideality factor, k is the Boltzmann constant, J. is
photocurrent, and T is the temperature. The above parameters may be acquired
by fitting the curve or a portion of it, most often to a one-diode model; how-
ever, some assumption and caution should be taken while fitting solar cells
with low efficiency and non-ideal behavior [122].

Newport g~

Figure 12 Schematic diagram of a CZGS solar cell illuminated for JV measurement.

J-V measurements of the fabricated solar cells were conducted with irradi-
ation by A.M.1.5G spectrum (1000 W/m?) under normal temperature (25 °C)
and atmospheric pressure. The measurements were performed in a A.M. 1.5
solar cell simulator (Newport class ABA setup with Keithley 2401 source me-
ter). A Xe arc lamp with A.M. 1.5 filter was used as the light source. The
spectrum of the Xe arc lamp is slightly different from real A.M.1.5G solar
spectrum. The lamp was turned on at least 30 minutes before measurements
to ensure the stable intensity of light. The intensity of the lamp is then cali-
brated with known Js: derived from QE measurement of reference solar cells.
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The calibration could be done with a change in distance between solar cell and
lamp. However, Js. of the solar devices of different band gap could be affected
due to a mismatch between A.M.1.5G spectrum of lamp and ideal solar spec-
trum.

4.5.2 Quantum efficiency measurement

Quantum efficiency is defined as ratio of output current at given wavelength
and incident photon flux as given below,

Jout (1)

PN = G0,m )

where Jout is output current at a given wavelength and @i, is incident photon
flux at a given wavelength.

It can be categorized into two types: External quantum efficiency (EQE),
where reflection losses and shading losses are taken into account, and Internal
guantum efficiency (IQE), where only absorbed photons are only taken into
consideration. QE is routinely used to characterize the photocurrent and the
losses that contribute to the reduction of the Js.. As previously stated, incom-
ing photons of various wavelengths are absorbed in varying depths, which al-
lows for some degree of pinpointing the depth and specific portions of the
solar cell responsible for a particular loss. The photocurrent can be calculated
by integrating the product of photon flux in the A.M.1.5G spectrum and the
EQE at all wavelengths as given in the following equation,

J=4q f Sannrsc(DEQE(A)dA @®)

EQE of the samples is measured in a homemade setup calibrated by exter-
nally measured Hamamatsu Si and InGaAs solar cells. A Stanford Research
Systems SR570 current preamplifier and two SR810 and SR 830 lock-in am-
plifiers were used to detect current and monochromatic light intensity in the
EQE system. EQE measurements were done under nearly dark conditions;
however, QE measurement with voltage or light bias can also be used to in-
vestigate the non-ideal solar cell devices.
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5 Results and discussion

5.1 Structural modification of CZTS and alloying

In this study, CZGS precursors were sputtered deposited using Ge and GeS
targets. The preparation of CZGS absorbers using Ge target was used for fab-
rication of CZGTS alloy with different concentrations of Ge.

CZGS is reported to crystallize into two distinct cation-ordered crystal
structures: low-temperature tetragonal and high-temperature metastable
wurtzite [123]. CZGS transitions from the tetragonal phase to the orthorhom-
bic phase at a high temperature (= 790 °C) [124]. Different synthesis tech-
niques have been used to synthesize the metastable wurtzite CZGS phase at
low temperatures, even if it is thermodynamically unstable [124-126]. Sputter
deposition of precursors can be a highly non-equilibrium process that can pro-
duce a mixture of metastable phases.

WZ-Kesterite WZ-Stannite

Figure 13 Crystal structure of CZGS absorber. The structure is plotted with VESTA
software and the data is adapted from Paper-I1 [34].
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In paper-Il, two types of CZGS precursors were prepared by magnetron co-
sputtering using two different Ge targets: elemental Ge and GeS target. CZGS
precursors deposited with the elemental Ge target showed improved crystal-
linity and grain growth after annealing; however, those made with the GeS
target showed an unknown broad peak (40<6<60°) in GIXRD (see Figure 14).

Sulfurized CZGS with GeS target
CZGS precursor with GeS target
Sulfurized CZGS with Ge target
CZGS precursor with Ge target

Intensity (arb.u.)

20 30

40 20 (°) 50 60 70
Figure 14 GIXRD of precursors and sulfurized CZGS fabricated using GeS target and
Ge target. The figure is adapted from Paper-II.

To gain further understanding, the enthalpy of mixing of KS (Kesterite),
Stannite SN (Stannite), WZ-KS (wurtzite-kesterite), and WZ-SN (wurtzite-
stannite) phase (Figure 13) was calculated for varying Ge content of CZGTS
(See Paper-I11 for first principle calculation) [34]. The energy difference be-
tween different phases was small, which may imply the concurrent growth of
orthorhombic and tetragonal structures under non-equilibrium deposition con-
ditions (See Paper-11). The formation energy of the KS phase was the lowest
compared to other phases (SN, WZ-KS, and WZ-SN), which is consistent with
previously reported studies. However, the energy difference between WZ-KS
and SN is lower for CZGS compared to CZTS. The WZ-KS and KS phases
must be separated by an energy barrier [127], which is greater for phases with
different lattice symmetries, stabilization of the WZ-KS phase may slow down
the recrystallization process [34]. So, recrystallization of sulfurized precursors
could be affected due to the formation of WZ-like phases (See Figure 14).
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Higher sulfur content due to GeS target was likely to support the formation of
the wurtzite-like phase (See Figure 14).
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Figure 15 (a) Band gap shift with a lattice constant (Paper-I). The figure is adapted
from Chen et. al. [28], Khadka et. al. [31], and Paper-1 (b) 26 shift with change in Ge
concentration in CZTS. The data is taken from Paper-I1 [34].

Based on this, sulfur-deficient sputtering conditions were used (Paper-II
and Paper-I11) to deposit CZGS precursors to avoid developing a wurtzite-like
phase and to improve crystallinity. In addition to this, the lattice parameter of
CZTS contracts with increasing Ge concentration due to the small size of Ge
atom compared to Sn, resulting in XRD peak shift (Figure 15) [28,34,123].
CZGTS absorbers were prepared using co-sputtering of CusS, SnS, Ge, and
ZnS. The concentration of Ge was controlled by varying applied power to Ge
and SnS targets. CZGTS absorbers were found to be recrystallized as kesterite
with no clear indication of secondary phases in GIXRD. The sulfurization of
CZGTS leads to the segregation of phases such as ZnS in the cross-section of
CZGS. The grain size and crystallinity of the CZTS increased at low concen-
tration of Ge in CZTS (Figure 16), which was also confirmed by other reports
[128].
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Figure 16 SEM morphology of CZTS with different concentration of germanium.
This data is taken from Paper-11 [34].

The formation of secondary phases such as GeOy, ZnS, were investigated.
The appearance of the insulating ZnS phase was confirmed by bright charged
particles on the surface of CZGS (Figure 16) in addition to the resonance Ra-
man spectroscopy using 325 nm laser (Paper-Il, I11). STEM/EDS confirmed
ZnS in Paper-Il and Paper-111; however, GeOy could not be confirmed by
GIXRD and Raman spectroscopy. Other phases like CuxS and GeOy could be
seen as Cu-rich and Ge-rich surfaces respectively by STEM/EDS (See Figure
19); however, ZnosGeg.2sS, CuzSnSs, and Cu2GeSs might form but could not
be distinguished.

5.2 Formation of Ge-Sn composition gradient

The development of band gap grading due to a depth-wise change in compo-
sition has been a vital methodology to improve device performance in chalco-
gen-based solar cells [129-132]. Ge substitution in CZTS has been particu-
larly interesting for reducing Sn-related deep defects [23,24,74,130] as de-
scribed earlier. The substitution of different elements has been employed in
CZTS aiming at band gap engineering (Paper-1). According to theoretical in-
vestigations on Ge substitution in CZTS, the conduction band minima (CBM)
form due to the hybridization of Sn-5s and S-3p in CZTS. The substitution of
Sn-5s orbital with Ge-4s antibonding orbitals enhances the antibonding char-
acter of the CBM due to repulsion between s-s, and s-p orbitals of Ge and S,
leading to upshift in CBM. The valence band maxima (VBM) remains unaf-
fected due to the participation of Cu-3d and S-3p orbitals [31,69,133].
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Figure 17 Tauc's plot of CZTS with different concentrations of Ge. The data is adapted
from Paper-11 [34].

Figure 17 shows that the band gap of CZTS increases with an increase in
the concentration of Ge. Due to the possibility of good miscibility with band
gap adjustment in the CZGTS alloy, it can be utilized to counteract the inter-
face recombination in solar cell devices. In paper-I1, a bilayered structure con-
sisting of a CZTS/CZGS was co-sputter deposited on Mo-coated glass
(Mo/SLG) substrates. CZTS/CZGS bilayers were annealed in a time-resolved
manner at a fixed temperature. The intact layers of CZGS and CZTS vanished
with an increase in anneal duration due to intermixing of Ge and Sn rich
phases. Small Ge-rich grains assembled at the rear interface with larger Sn-
rich grains at the front interface, forming a compositional gradient at a short
anneal duration. The interdiffusion of Ge and Sn increased with long anneal
duration, leading to complete intermixing of individual layers of CZGS and
CZTS. This is consistent with the Raman shift of CZTS/CZGS bilayers with
an increase in sulfurization duration (See Figure 18).
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Figure 18 Raman shift of sulfurized CZTS/CZGS absorbers with the increase in an-
nealing duration. The data is adapted from Paper-I1 [34].

The formation of a compositional gradient occurred with the competing
mechanism of Ge diffusion through grain boundaries, leading to a few Ge-rich
nano-regions on the surface of the bilayer (see Figure 19). This can be seen
clearly in STEM/EDS, which showed the detailed compositional mapping of
the complete thin film at different anneal durations. Ge and Sn intermixed
differently because Sn diffused into the grain interior, whereas Ge diffused
across grain borders. The resulting compositionally graded film does not con-
tain smooth compositional grading as opposed to what is indicated from
GDOES measurement of the compositionally graded films. Instead, a steep
gradient existed with the combination of Ge-or Sn-rich grains, graded grains,
and the presence of Ge around the grain boundaries (Paper-11).
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Sulfurization duration (minutes)

Figure 19 STEM/EDS images of sulfurized bilayered absorber for a different duration.
The data is taken from Paper-11 [34]. The secondary phases such as ZnS, CuxS, GeOx
can be confirmed here, which is also consistent with Raman spectra (for ZnS in Paper-
I1), XRD spectra (for ZnS in CZGS Paper-1V), and XPS spectra (for GeOy in Paper-
V)

In paper-Ill, CZTS/CZGS bilayers were fabricated with an interlayer
(TiN) beneath them. Thick CZTS layers (600, 800, and 990 nm) were sputter-
deposited on thin CZGS films of different thicknesses (100 nm and 200 nm)
to fabricate CZTS/CZGS structure. CZGS films were air-exposed since the
composition of CZGS was needed to be measured before deposition of CZTS.
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So, a series of six samples were sulfurized under different sulfurization con-
ditions with varying sulfurization duration of 1, 6, and 8 minutes without
changing other sulfurization conditions.

TiN interlayer can affect Na diffusion to the absorbers [57], and controlled
addition of Na in the absorber can improve the grain growth [134]. In addition,
grain growth can be improved with a low concentration of Germanium, as
described earlier. Atomic diffusion occurs faster through grain boundaries
than grains [135]. Therefore, unlike graded absorbers (Paper-11) with Mo-
coated glass substrates, the CZTS/CZGS absorbers show a slight
[Ge]/([Sn]+[Ge]) gradient when fabricated on TiN/Mo/SLG (Paper-I11). The
few differences between both investigations (paper-Il and Paper-I1l) are the
thicknesses of both layers (CZGS and CZTS), sodium GDOES profiles, and
reduced anneal duration. This can affect Ge interdiffusion by accelerating the
movement of atoms across grain boundaries. In general, low Ge concentration
(thin CZGS underneath CZTS) and the formation of slightly bigger grains in
the absorbers are linked with the disappearance of Ge-Sn gradients.

5.3 CZGTS solar cell devices

CZGTS solar cell devices were fabricated using a similar structure as for
CZTS solar cells. The devices could be optimized for each layer from back
contact to front contacts. In this section, some issues such as delamination,
back contact, and buffer layers are discussed.

5.3.1 Delamination and insertion of an adhesive TiN interlayer

Secondary phases and defects strongly control the performance of chalco-
genide solar cells [60,108,134,136,137]. The secondary phases can cause a
slight change in the bulk composition of the absorbers. Cu-rich and Zn-rich
sides of the CZTS could not exceed than stoichiometric CZTS [138]. In addi-
tion, sulfur incorporation and reaction to Mo could lead to secondary phases
[105,139]. The formation of insulating (ZnS, GeOy) [60,140] or highly con-
ductive (CuxS) phases in bulk or interfaces could be detrimental to the device
performance. Therefore, etching is required to remove the secondary phases
from the surface of the absorber. KCN-etching was used repeatedly on
CZGTS absorbers, but it sometimes resulted in delamination of the complete
film. In these experiments, the loss of adhesion between multilayers can occur
due to many reasons such as reduction of adhesive contacts, mismatched ther-
mal expansion, extreme interfacial stress or strains, and formation of water-
soluble phases (GeOy) [141,142]. The formation of GeOx layer could be con-
firmed in STEM/EDS mapping of the CZGTS films (Paper-I11, Paper-I111, Pa-
per-1V). The GeOy phase was mostly present on the grain boundaries and
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voids of the thin film. In addition to this, adhesion can change with the for-
mation of the MoS; layer. Therefore, a series of CZGS precursor was co-sput-
ter deposited at different temperatures (200 °C, 250 °C, and 300°C) and sul-
furized with different conditions (temperature = 560, 580, 600°C, time = 1, 6,
13 minutes). CZGTS absorbers typically adhere to the addition of a TiN inter-
layer between Mo and CZGS irrespective of change in deposition or annealing
condition. So, the CZTS/CZGS solar cells were prepared with TiN/Mo/SLG
in Paper-11. However, as shown in Paper-I11, the TiN layer does not completely
resolve the delamination issue as it still persists in some solar cells.

5.3.2 CZTS/CZGS solar cell devices

CZTS/CZGS absorbers were prepared on TiN/Mo/SLG substrates for all solar
cells. In Paper-I11, different layers with varying thicknesses of CZGS (100 and
200 nm) and CZTS (600, 800, 990 nm) were deposited with a similar structure
as defined for CZTS/CZGS absorbers. While the aim was to form a Ge-Sn
gradient after annealing of the stack, most of the samples showed close to
uniform composition as already described. The samples are named as given in
Table 3.

Table 3 Naming of the different CZTS/CZGS precursors with approximate GGS
[Ge]/([Sn]+[Ge]) ratio in Paper-111. The average composition of the individual layer
was measured by XRF calibrated with RBS.

Film type — thick- CZTS - 600 nm CZTS - 800 nm CZTS-990

ness, Cu/Sn=1.86+ Cu/Sn=1.89 + nm
composition 0.01, Zn/(Cu+Sn) 0.008, Cu/Sn=1.87+
=0.36 + 0.002 Zn/(Cu+Sn) = 0.008,
0.36 £ 0.001 Zn/(Cu+Sn) =
0.36 £+ 0.002
CZGS - 100 nm 10Ge60 10Ge80 10Ge99
Cu/Ge=184+ GGS=0.14 GGS=0.11 GGS =0.09
0.05, Zn/(Cu+Ge)
=0.35+0.003
CZGS - 200 nm 20Ge60 20Ge80 20Ge99
Cu/Ge=1.85+ GGS=0.25 GGS=0.2 GGS =0.17
0.04,
Zn/(Cu+Ge)=0.36
+0.002

In this series, the overall Ge content of the samples varies due to different
thicknesses of the CZGS and CZTS thin films. A few solar cell absorbers
peeled off during KCN etching, and solar cells were not fabricated for those
samples. The performance of the CZTS/CZGS solar cells did not improve
compared to CZTS reference solar cells (see Table 4). J-V characterization of
a solar cell fabricated from one minute anneal of 20Ge99 showed a rollover
behavior (see Figure 20). For the same sulfurization duration, a higher Jsc was
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measured for 20Ge60 compared to 20Ge99. However, the estimated current
density obtained from EQE was higher for 20Ge99 than for 20Ge60.
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Figure 20 J-V and EQE characteristics of CZTS/CZGS bilayers annealed for 1 min,
6min, and 8 minutes. The figure is adapted from [143].

This behavior could be partly related to series resistance or different illu-
mination intensity and spectra between J-V and EQE measurement. EQE
measurement was done under low illumination of monochromatic light.

The band gap change with the incorporation of Ge can be verified with a
change in the long-wavelength edge in EQE. J-V curves of all the bilayer de-
vices showed a cross-over (non-ideal diode) behavior between dark and illu-
minated curves. The rollover behavior could happen due to poor pn-junction
quality, poor band alignment, and insulating secondary phases on the front or
back interface. An s-shaped J-V curve of the bilayer solar cell could possibly
originate from the increased degree of order and a hole barrier at the back
interface [144]. Additionally, the expected cliff-like band alignment at the
front interface of CZGTS due to the upshift of the conduction band would
enhance recombination [19]. So, the interface recombination could be ex-
pected to increase in CZGTS solar cell devices as compared to CZTS.
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Table 4 Solar cell parameters of best solar cell devices fabricated from annealed bi-
layer CZTS/CZGS. Note that the delaminated solar cells are not included in this table.
Please refer to Paper-I11 [143] for more details.

Sulfuri- Name GGS Vo (V) Jsc FF n Jsc
zation (mA/cm?) (%) (%) (mA/cm?)
batch (EQE
20396 025 0576 9.8 53 30 10.1
one 05 017 0603 74 23 10 114
minut_e CZTS
sul{yrl- 0 0 0641 12.0 55 4.2 13.6
zation
cnggs- 0 0652 75 51 25 111
10(6;68 011 0614 9.6 42 25 11.7
Six 1og;e9 009 0637 121 37 29 14.1
minut(_es CZTS
su&{{yorr:- 80 0 0.621 13.8 51 44 14.4
Zaltl
cnggs- 0 0473 10.2 39 1.9 11.6
10(398 011  0.608 11.0 42 30 115
Eight gc0 009 0596 117 43 30 117
minutgs CZTS
S;Ja{{?orr:_ 80 0 0.601 13.1 50 4.0 14.0
cnggs- 0 059% 14.9 45 40 15.2

5.4 Alternative ZTO buffer for CZGS

In this series, the investigations were done to focus mainly on two issues. 1)
the cliff-like band alignment between CZGS absorbers and CdS, and 2) the
delamination of CZGS absorbers in aqueous KCN or water.

Therefore, complete dry processing of CZGS absorbers was used to fabri-
cate solar cells. ZTO buffer layers were chosen since the band gap of these
layers can be changed with a change in deposition condition. Although ZTO
should form a cliff-like band alignment with the CZGS absorber, the effect of
band alignment change can still be investigated.

In Paper-1V, alternative buffer layers on CZGS absorbers were investigated
(See Table 5) to reduce the front interface recombination that was pointed out
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as a possible issue in the CZGTS devices in Paper-I11. The effect of etching of
the absorbers was investigated. Etching of the absorbers could remove insu-
lating phases such as GeOy in Paper-1V, leading to improved Js than non-
etched CZGS solar cells. This study compares the performance of solar cells
produced using etched CZGS with CdS and ZTO buffer layers. FF decreased
with the usage of the ZTO layer. High current density and V. could be meas-
ured by ZTO buffer layer deposition along with a large spread. Such a large
spread in device parameters can occur due to partial delamination during KCN
etching of the absorbers. Therefore, ZTO layers were deposited on unetched
CZGS absorbers at different deposition temperatures. CZGS solar cell perfor-
mance was observed to be insensitive to ZTO deposition temperature and
thickness. The band alignment and composition of ZTO could be tuned with
deposition temperature; however, the V. of the non-etched devices was rela-
tively constant. This could likely be due to an oxide interlayer remaining be-
tween CZGS and ZTO. The solar cell performance of CZGS fabricated with
ZTO buffer layer showed Vo over 1V but with a lower current density than
expected due to insulating phases on the front interface (Table 5).

Table 5 ALD deposition conditions for different ZTO buffer layers and solar cell pa-
rameters obtained from different CZGS of comparable composition. Note that CZGS
absorbers were fabricated from different batches (A and B). CZGS of similar compo-
sitions were used. This table is adapted from Paper-1V.

Sample  ALD deposition conditions Solar cell parameters
name
Temperature  No. of ALD Jsc Voe (V) FF n

(°C) cycles (mA/cm?) (%) (%)
Al 90 1000 2 0.963 36 0.7
A2 750 1.8 0.842 38 0.6
A3 1000 2.1 1.1 38 0.85
A4 100 750 2.2 0.957 36 0.76
A5 500 2.4 0.974 36 085
A6 1000 3.2 0.917 45 1.3
A7 110 750 2.2 0.854 43 0.8
A8 500 2.1 0.88 35 0.7
Bl 1000 2 0.931 45  0.85
B2 120 750 2 0.989 40 0.8
B3 500 1.9 0.819 40 0.6

5.5 Ultrathin CZTS with passivation layer

Ultrathin CZTS layers could be an essential material for multijunction solar
cells as mentioned in chapter 2. In this thesis, CZTS of approximately 300 nm
thickness was utilized for tandem solar cell fabrication based on optimized
optical simulation to match photocurrent [145].
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An experimental series was made where backside passivation layers such
as AlOy, SiOx were deposited on back-contact Mo. The thickness of AlOy
and SiOx was estimated to be close to 1 nm for the thinnest layers, and thick-
ness up to =~ 10 nm was used. In literature, ultrathin Al,Os; [146-148] have
been reported to show passivation of the absorbers. The explanation for pas-
sivation from such thin layers could be that the first few nanometres of Al,O3
layer [147-152] might be associated with a high density of negative charges
[148,151] in addition to the controlled reaction on back-contact [153]. Similar
layers such as TiN and polySi can be used as protection layers for Si tandem
solar cells (not shown here). The presence of the oxide layers could be con-
firmed by XPS (not shown here). Al,Oy was deposited by reactive sputtering
as well as ALD. Ultrathin CZTS (= 300 nm) absorbers was prepared by co-
sputtering and sulfurization. Solar cells were completed by deposition of CdS,
i-ZnO, and AZO layers (See Figure 21). CZTS recrystallized with similar
grain (= 300 nm) growth. Absorbers were detached from sputter-deposited
AlOy (= 1 nm). The thickness of MoS; was seen to be slightly decreased.

SiOyx and AlxOy [154] showed passivation, irrespective of different deposi-
tion methods such as plasma-assisted or thermal ALD [155-157], Plasma en-
hanced chemical vapor deposition (PECVD) [157], and high throughput in-
dustrial sputter deposition [153]. An ultrathin passivation layer or a pas-
sivation layer with nanosized point contacts can limit the Mo/CZTS contact
region, reducing the negative impact of SnS and ZnS secondary phases
[58,158,159].

Mo-sputter-SiO,-1nm  Mo-sputter-Al,0;-1 nm  Mo-ALD-Al,0,-1 nm

b ‘% ENCU {f (It!‘ ety

Mo-reference

200 nm

K

Figure 21 Cross-section SEM image of the backside passivated solar cell along with
their reference solar cells. Ultrathin CZTS delaminated when deposited on sputter-
deposited AlxOy as seen in the back-interface cross-section image.

Solar cell characterization of passivated and Mo-reference solar cell are
shown in Figure 22. The overall performance of the solar cell improved with
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1 nm passivation layer (sputter SiOx and ALD Al,Oy) as shown by J-V char-
acterization. The improved Jsc was confirmed by EQE. Solar cells with sput-
tered 1 nm AlxOy showed blocked behavior. Photoluminescence spectra of the
absorbers with buffer layer was improved in all the cases. Solar cells with
thick passivation layers showed blocked behavior with the issue of delamina-
tion (not shown here). Thus, ultrathin passivation layers did not deteriorate
conduction in solar cells. Highest 6.15 percent efficient ultrathin kesterite
CZTS thin-film solar cell (Voc =598 mV, Jsc = 16.5 mA/cm?, FF = 62.2 %) is
achieved with an ultrathin passivation layer.
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Figure 22 J-V and EQE characteristics of ultrathin CZTS solar cells deposited with
backside passivation layer of Silica and Alumina. AlxOy layer was also deposited by
sputtering and ALD. Each solar cell characteristic curve is plotted with its reference
CZTS solar cell. Jsc and Vo of the passivated solar cell improved except for sput-
tered AlxOy primarily owing to poor back-interface. Thickening of the sputter-depos-
ited AlOy layer led to complete delamination of CZTS.

Ultrathin CZTS was also applied to TOPCon Si-tandem solar cells in col-
laboration with DTU. The optimized thickness of CZTS had been reported
about 300 nm by optical simulations and matched photocurrent density of sin-
gle junction CZTS solar cell [91,145]. Initial tandem solar cell efficiency was
6.8 % (Voc = 1083 mV, Jsc = 10.8 mA/cm?, FF = 58.6 %), but there is large
room for optimization of several processing steps (not shown here). Also,
other impurities such as sodium might affect the CZTS properties, but this was
not investigated in tandem solar cell structure. Cu contamination of bulk Si
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was not affected by varying sulfurization duration during the fabrication of
thin CZTS. The diffusion of Cu atoms from CZTS to bulk-Si was mainly re-
duced by using multilayer diffusion barrier of SiOx(1.2 nm)/polySi(200
nm)/TiN(2.5 or 5 nm) to improve charge carrier lifetime in bulk Si.
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6 Summary of conclusions and outlook

6.1 Conclusion

The aim of this thesis was to investigate the incorporation of Ge into CZTS to
reduce bulk and interface losses. A two-step fabrication process involving
sputtering of stacked compound layers and annealing in the sulfur atmosphere
was used. The goal was to fabricate compositionally graded CZGTS absorber
films for band gap engineering in solar cells and to investigate the influence
of Ge alloying in CZTS on material properties. A germanium-rich CZGTS
layer on the backside can provide an upshift in the conduction band to repel
electrons from the back surface to reduce interface recombination. Ultrathin
CZTS solar cell absorbers with oxide passivation layers on the backside were
also investigated as an alternative to back grading for very thin CZTS. Addi-
tionally, CZGS solar cells with different buffer layers were deposited to in-
vestigate improvements at the front interface from improved conduction band
alignment between the absorber and buffer layers.

In paper-I11, it was shown that synthesis of CZGS under sulfur-rich sputter
conditions led to wurtzite-like phases of CZGS. Once the mixture was formed,
it could not be transformed to kesterite phase by annealing (= 582 °C). It was
seen that sulfurization of CZTS with a low concentration of Ge led to im-
proved grain growth compared to a high concentration of homogenous
CZGTS alloy. Additionally, a steep band gap grading was achieved using sul-
furization of CZTS/CZGS films. The steep grading between larger Sn-rich
grains at the front and smaller Ge-rich grains at the back was confirmed by
STEM/EDS in contrast to smooth compositional grading seen with GDOES
in the same sample. So, detailed information is always needed to quantify
compositional grading.

The graded absorbers and sulfurized CZGS were delaminated with KCN
etching. Therefore, the introduction of an adhesive TiN layer between Mo and
CZGTS was investigated in paper I1l. TiN improved the adhesion markedly,
but some delamination issues remained that influenced the studies in paper 111
and IV.

STEM/EDS showed oxygen-rich grain boundaries and voids with Ge-rich
samples, and surface oxides, most likely GeOy, were removed from CZGTS
in etching. Since this oxide is water-soluble, there is a possible connection to
the delamination issues for Ge-containing films.
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A mild compositional gradient was observed on TiN substrate in contrast
to a previous study (Paper-I1). The composition gradient depends on atomic
diffusion through grains and grain boundaries, which depend on recrystalliza-
tion. A small concentration of Ge and Na could affect the recrystallization
process. Since the Ge increased at the front of the film, it is possible that a
beneficial effect of Germanium in bulk or towards the back contact could be
negated by an increasing cliff-like band alignment with the CdS buffer.

If recombination at the back contact is limiting solar cell performance, pas-
sivation of this interface can improve performance. Passivation aims at re-
duced recombination and can be achieved by so-called chemical passivation
where the density of recombination states is reduced, or field-effect pas-
sivation, where the availability of charge carriers that can contribute to the
recombination current, in this case, electrons, is reduced. Band gap grading
towards the back contact is one way that also extends into the bulk, and the
introduction of a blocking layer, often an oxide, is another. In this thesis, Al,Oy
and SiOx were investigated as passivation layers for ultrathin (= 330 nm)
CZTS.

A thick oxide passivation layer can provide the passivation effect but with
the loss of conductivity. So, very thin (= 1 to 2 nm) AlxOy and SiOy layers
were deposited on Mo/SLG. The solar cell parameters improved with insertion
of a very thin oxide layer; however, blocking behavior was observed with in-
creased thickness of passivation layer. From photoluminescence, the improve-
ment was seen only for the thinnest oxide passivation layer. The optoelec-
tronic parameters (Voc, Jsc, and FF) of the solar cell improved with the thinnest
passivation layer compared to non-passivated solar cells. Furthermore, the ul-
trathin CZTS solar cells were monolithically integrated with crystalline Si so-
lar cells using a diffusion barrier of p* polycrystalline-Si/SiO/TiN layers. The
variation in sulfurization duration of CZTS did not change diffusion of Cu
with the presence of diffusion barrier on Si solar cell.

A wide band gap ZTO layer constituting non-toxic, earth-abundant ele-
ments could be an alternative to CdS buffer. In order to avoid delamination,
complete processing of the non-etched CZGS with ZTO (CZGS/ZTO) buffer
layers was investigated (Paper-1V). Several ZTO buffer layers of varying
thicknesses were deposited at different deposition temperatures. Similar Vo of
CZGS/ZTO solar cells were observed, in contrast to the expected variation
with changing buffer layer band gap. The Vo was relatively high, up to 1.1 V
for CZGS/ZTO solar cells, which was substantially higher than for
CZGS/CdS. Another comparison of CZGS/ZTO solar cells was made with
etched and non-etched CZGS absorbers. The short-circuit current of the solar
cells improved with etching which could probably be related to the removal
of GeO.. A blocking oxide interlayer is also a possible explanation for the
small variation in Vo for non-etched devices. The solar cells with etched ab-
sorbers showed a large spread in solar cell parameters.
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6.2 Future work

Based on the aforementioned conclusion, further investigations are proposed
in the following areas:

1.

An investigation is required on Ge incorporated CZTS to find a
root cause of delamination. Water-soluble phases such as GeOx
could be found on the surface, grain boundaries, and voids of the
absorber. So, an annealing series with different air-exposure time
can be investigated.

The etching of the GeOx layer from the interface could be instru-
mental for improved solar cell performance. So, dry etching of sec-
ondary phases can be very useful.

Cation order-disorder of CZGS or CZGTS can be investigated. The
origin of photoluminescence emission peaks at lower energy could
be investigated.

Alternative wide band gap buffer layers such as Zn;xGexOy,
SnxGe1xOy, ZnS, and Zn(O,S) etc. should be investigated with
CZGS or graded absorbers.

Back-surface passivation of the ultrathin CZTS should be investi-
gated with transparent back contact. The passivation layer can con-
trol the overall back-interface recombination due to improved in-
terface.

In general, CZGTS absorbers can show improved performance at a low
concentration of Ge. Front interface improvement and etching of residual sec-
ondary phases from the absorber can benefit device performance. Addition-
ally, understanding the material properties of CZGTS can provide important
information about the origin of defect states.
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7 Svensk sammanfattning

Tunnfilmssolceller har manga anvandningsomraden som bygger pa egenskap-
erna hos de anvanda materialen. Nagra av de fordelar som finns hos tunnfilms-
solceller i jamforelse med kristallina kiselsolceller ar reducerad materialat-
gang, mojligheten att variera band gapet, flexibilitet, Iag energiatgang vid till-
verkning, lag vikt vid deponering pa latta substrat samt estetiskt utseende. Det
finns nagra olika framgangsrika tunnfilmsteknologier som Cu(In,Ga)Se:
(CIGS) och CdTe som finns kommersiellt, men marknadsandelen i forhal-
lande till kisel sjunker for ndrvarande av olika sk&l. Det framsta &r utmaningen
att halla jamna steg med den kontinuerliga kostnadsreduktionen i kiseltek-
nologin, med betydligt storre tillverkningsvolymer. En annan fraga som lange
uppmaérksammats &r anvandningen av grundamnen som indium och tellurium
som &r mindre vanligt férekommande &n kisel. Alternativa material som bara
innehaller valdigt vanliga grundamnen har darfor undersokts, som
Cu2ZnSn(S,Se)s (CZTSSe). Verkningsgraden for solceller av CZTSSe dkade
snabbt men har sedan planat ut, och orsaken &r troligen defekter i materialet
som ar svara att undvika. For filmer utan selen, dvs CZTS, &r prestandan yt-
terligare nagot lagre an teoretiskt majligt. The skadliga defekterna har rappor-
terats vara Sn-relaterade, djupa defekter. Utbyte av Sn med Ge héjer band
gapsenergin och kan kanske ocksa minska de djupa defekterna. Tidigare stu-
dier av tillsats av Ge har visat positiva effekter pa solceller med selen,
CZTSSe. Studier av legering med Ge i den rena sulfiden CZTS, vilket ar fokus
i denna avhandling, ar mindre vanliga.

Syftet med denna avhandling ar darfor att studera inblandning av Ge i
CZTS for att minska forluster i bulken och vid gransytorna. En tvastegspro-
cess med deponering av sulfidfilmer genom sputtring har anvants, foljt av var-
mebehandling i svavelatmosfar. Malet var att tillverka CZGTS-filmer med en
sammanséttningsgradient i djupled for band gapsstyrning i solcellerna och att
undersoka inverkan av legering med Ge i CZTS pa materialegenskaperna. Ett
germaniumrikt lager mot bakkontakten kan skifta ledningsbandskanten mot
hogre energinivaer, vilket minskar rekombinationsforlusterna. Passiveringsla-
ger av oxidmaterial vid bakkontakten undersoktes ocksa som alternativ till
band gapsgradering for valdigt tunn CZTS. Dessutom undersdktes CZGS-sol-
celler med olika buffertlager som deponerats for att undersoka om en héjning
av ledningsbandskanten i grdnsytan mot absorbatorn kan minska forlusterna
vid den gransytan.
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I papper Il visades att tillverkning av CZGS under svavelrika deponerings-
forhallanden ledde till wurtzit-fas efter sputtring. Nar val denna fas bildats
forsvarades kristalliseringen till den énskade kesteritfasen under varmebe-
handlingen. For filmer med varierade mangd Ge sags ¢kad korntillvéxt for
laga halter Ge. Genom varmebehandling av filmer dar CZTS deponerats
ovanpa en CZGS-film kunde CZGTS med sammanséttningsgradient skapas.
En skarp gradient sdgs med mikroskopi, medan profilering med s& kallad
GDOES pavisade svaga Sn-Ge gradienter. Orsaken var en ojamn fordelning
med i huvudsak stora Sn-rika korn pa framsidan och mindre Ge-rika korn pa
baksidan vilket i medeltal 6ver storre yta gav en svag gradient. Detta visar pa
vikten av att anvanda kompletterande analys, sarskilt mikroskopi med hdg
upplésning.

De varmebehandlade filmerna delaminerade vid den vatkemiska ets som
vanligen anvénds vid solcellstillverkningen. Darfor undersoktes TiN som vid-
haftningsskikt mellan Mo och CZGS i papper Ill. TiN 0kade vidhaftningen
markant, men viss delaminering férekom fortfarande vilket paverkade studi-
erna bade i papper 11l och IV. For filmer innehallande Ge sags syre i korn-
granser och haligheter med STEM/EDS. Pa ytan av CZGTS sags germanium-
oxid som forsvann vid vatkemisk etsning. Eftersom denna oxid ocksa &r vat-
tenloslig finns en majlig koppling till vidhaftningsproblemen fér Ge-innehal-
lande filmer.

En svag Sn-Ge gradient erholls i papper 111, och utjamningen av gradienten
under varmebehandling skedde nagot snabbare an for filmerna i papper II.
Skillnaden mellan de bada studierna ar anvandningen av TiN-skiktet vid bak-
kontakten, men olika tjocklekar anvandes ocksa. Solceller med denna Ge-gra-
dient hade lagre prestanda &n referensceller av CZTS. Eftersom den erhéllna
Ge-gradienten ocksa okade Ge-halten pa framsidan av absorbatorn, ar det
mojligt att en forbattring av egenskaper i bulken eller mot bakkontakten mot-
verkades av ett samre gransskikt mot CdS bufferten.

Om rekombination vid bakkontakten begransar solcellernas prestanda kan
passivering av bakkontakten ge hdgre verkningsgrad. Passivering syftar till
minskad rekombination vid bakkontakten och fas antingen genom sk kemisk
passivering, dar koncentrationen av energitillstand som kan bidra till rekom-
bination minskas, eller falt-effektpassivering, dar tillgangen pa laddningsba-
rare som kan ge rekombinationsstrom minskas, i detta fall elektroner. Band
gapsgradering mot bakkontakten &r ett sétt, vilket ocksa stracker sig in i bul-
ken, och introduktion av ett blockerade lager, ofta en oxid, ett annat. | denna
avhandling undersoktes Al,O3; och SiO2 som passiveringsskikt for ultratunn
CZTS. Tjockleken pa oxiden varierades fran nagon nanometer upp till ca 20
nm. For de tjockare oxiderna blockerades strommen som véntat och for den
tunnaste oxides sags en svag forbattring. Med fotoluminiscens sags ocksa svag
forbattring for den tunnaste oxiden men inte for tjockare oxider. Fortsatta stu-
dier av monstrade oxider som inte blockerar strdmmen vore intressant liksom
battre forstaelse av forbattringen for den tunnaste oxiden.
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Ett alternativt buffertlager for CdS, med hogt band gap och utan giftiga
amnen, ar Zn1,SnxOy (ZTO), tillverkad med ALD. | papper IV studerades
detta material for solceller av CZGS. Pa grund av problem med delaminering,
trots anvandning av TiN, gjordes huvuddelen av solcellerna utan vatkemisk
etsning. For dessa sags hoga spanningsnivaer, upp till 1.1V, men inverkan av
deponeringstemperatur var ovéntat svag och strommen mycket lag. En jamfo-
relse mellan CZGS/ZTO med och utan ets visade en fordubbling av strommen.
En mojlig forklaring till dessa bada resultat &r ett blockerande gransskiktsla-
ger, troligen germaniumoxid. En jamforelse mellan CZGS/CdS och
CZGS/ZTO med ets i bada fallen visade hogre spanning for ZTO, men led-
ningsbandskanten for ZTO éar troligen lagre an optimalt, &ven om den &r hdgre
an for CdS. Fortsatta studier av ZTO for CZGTS med lagre band gap an CZGS
ar darfor mycket lovande medan andra buffertmaterial med annu hégre band
gap bor undersokas for ren CZGS.
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